Purpose: To compare the performance of non-contrast MRI with half-Fourier acquisition single-shot turbo spin echo (HASTE) vs. contrast-enhanced MRI/3D-MRCP for assessment of suspected choledocholithiasis in hospitalized patients. Methods and Materials: 123 contrast-enhanced abdominal MRI/MRCP scans in the hospital setting for possible choledocholithiasis were retrospectively evaluated. Endoscopic retrograde cholangiopancreatography, intraoperative cholangiogram or documented clinical resolution served as the reference standard. Readers first evaluated the biliary tree using coronal and axial HASTE and other non-contrast sequences, and later reviewed the entire exam with post-contrast sequences and 3D-MRCP. Test performance for the image sets was compared for choledocholithiasis, acute hepatitis, cholangitis, and acute cholecystitis. Reader agreement, MRCP image quality, and confidence levels were also assessed. Clinical predictors of age and fever were tested for association with perceived need for contrast in biliary assessment.
Possible choledocholithiasis may be most accurately tested using endoscopic retrograde cholangiopancreatography (ERCP), which is also therapeutic but associated with a small risk of complications, including pancreatitis, cholangitis, hemorrhage, or bowel perforation [7] [8] [9] [10] [11] . Endoscopic ultrasound (EUS) has a lower complication rate than ERCP, but provides only diagnostic evaluation for choledocholithiasis with high sensitivity (93-97%) and specificity (77-96%) [2, [12] [13] [14] [15] . Although the American Society for Gastrointestinal Endoscopy recommends direct endoscopic evaluation for individuals with pretest probability for choledocholithiasis of greater than 50%, and magnetic resonance cholangiopancreatography (MRCP) or EUS for intermediate pretest probability (10-50%), imaging is commonly favored in order to optimize selection for therapeutic ERCP, and particularly in patients who may be at higher risk of endoscopic complication [2, 4, 16, 17] . Moreover, a 2015 Cochrane review found EUS and MRCP to be essentially equivalent in their ability to evaluate for the presence of CBD gallstones [18] .
3D-heavily T2-weighted fast spin echo MRCP offers high signal-to-noise and contrast-to-noise ratios for delineation of the biliary tree, and near-isotropic voxels also improve post-processing for maximum intensity projections. The signal-to-noise ratio is higher than in 2D MRCP, though thinner contiguous sections of 2D MRCP may be considered a complement to 3D MRCP. While MRCP sequences are routinely acquired in suspected cholestasis, the subset of patients in a clinical condition severe enough for hospitalization face difficulty with breathing instructions (including regular breathing for respiratory triggering) and with the length of scanning time needed for a high-quality, contrast-enhanced MRI. The half-Fourier acquisition single-shot turbo spin echo (HASTE) sequence is also routinely included in the protocol for acute cholestasis, and the technique previously provided a basis for accurate assessment of the biliary tree with MRCP, though publications have not directly compared diagnostic accuracy of the sequence with other 2D-or 3D-MRCP techniques [19] . Thus, the added value of acquiring 3D-MRCP in patients with suspected choledocholithiasis has not been studied.
The need for intravenous contrast in MRI evaluation of suspected choledocholithiasis is also not well established. In patients with signs of acute biliary obstruction, the American College of Radiology recommends ultrasound as the first-line study, and MRI with and without gadolinium contrast is considered ''usually appropriate,'' as contrast may be helpful in assessment for cholangitis, while non-contrast MRCP has a lower appropriateness rating of ''may be appropriate'' [20] . However, ascending cholangitis is suspected in a minority of cases of symptomatic gallstone disease, is usually clinically diagnosed using Charcot's triad of right upper quadrant pain, fever or chills, and jaundice, along with laboratory data and evidence of biliary dilatation on ultrasound; MRI findings in themselves do not establish the diagnosis [21] .
Evaluation of the biliary tree in patients with acute abdominal pain for possible choledocholithiasis may potentially be accomplished using a simplified MRI protocol to reduce scanner time and resource utilization, and expedite patient care in the hospital setting. Our purpose was to assess the performance of a potential abbreviated protocol of non-contrast MRI with abdominal HASTE images vs. contrast-enhanced MRI/ 3D-MRCP for assessment of suspected choledocholithiasis in hospitalized patients. Secondarily, we examined the detection of other etiologies of acute cholestasis, and also described incidental findings that would warrant additional contrast-enhanced imaging when only noncontrast sequences were viewed.
Methods and materials

Patient population
This study was approved by our institutional review board and compliant with the Health Insurance Portability and Accountability Act. The institutional PACS system was searched for all consecutive abdominal MRI/ MRCP examinations with contrast performed in inpatients and emergency department patients from January 2013-June 2014. Inclusion criteria were as follows: (1) adults aged 18 years or older, and (2) MRI indication of possible choledocholithiasis, or symptomatic gallstone disease with suspected acute biliary obstruction. Exclusion criteria were as follows: (1) chronic abdominal pain, (2) painless jaundice, (3) known malignancy and/or metastatic disease, and (3) other medical conditions predisposing patients to jaundice (e.g., chronic hepatitis B or C, primary sclerosing cholangitis, liver disease associated with HIV, or cystic fibrosis). A reference standard of ERCP or intraoperative cholangiogram was required to confirm suspected choledocholithiasis, while clinical follow-up of at least 1 month after presentation for acute biliary symptoms was used to confirm negative results for choledocholithiasis or other biliary pathology. One of the authors (LH) recorded pertinent clinical factors, including the presence or absence of patient age, fever, and clinically diagnosed acute pancreatitis, ascending cholangitis, or acute hepatitis.
Imaging technique
For symptomatic gallstone disease and acute biliary obstruction, MRI at our institution is performed with and without gadolinium contrast, at the time of the collected studies using gadopentetate dimeglumine (Magnevist, Bayer HealthCare). All examinations were performed on 1.5T clinical scanners (Avanto, Siemens, Erhlangen, Germany) using a torso phase-array coil, and sequences included: axial fat-saturated T2-weighted imaging, axial and coronal HASTE, axial T1-weighted in-phase and out-of-phase imaging, axial diffusionweighted imaging (DWI), and axial 3D T1-weighted spoiled gradient-recalled echo fat-suppressed imaging before and after dynamic contrast administration of 0.1 mmol of Magnevist per kilogram of body weight followed by 20 cc saline flush, with measures at 0, 60, and 120 s (Table 1 ). In addition, MRCP was performed using a respiratory triggered, coronal oblique 3D T2-weighted fast spin echo sequence. MRCP PACE acquisition parameters included: TR/TE 3000/620 ms, flip angle 180, number of averages 1, field of view 320 mm, matrix size of 384 9 361, bandwidth 318 Hz/pixel, slice thickness 1.2 mm, intersection gap 1.5 mm, number of averages 1, parallel imaging acceleration factor 2. MRCP thick slab parameters included TR/TE of 5000/463 ms, flip angle 180, slice thickness 50 mm, and field of view 350 mm.
Reader interpretation
The abbreviated image set included HASTE, DWI, T2-weighted fat-saturated imaging, and pre-contrast T1-weighted imaging, but excluded 3D-MRCP and postcontrast images. The full sets of sequences were reviewed after a two-week washout period. Two fellowship-trained abdominal radiologists (JR, AD) with 2 years of experience independently evaluated each set of images for acute pathology of the biliary tree and liver, blinded to the results of the examination and clinical outcomes. Assessment included indication of the presence or absence of choledocholithiasis, and presence of an alternative cause of acute biliary obstruction with options for specific type of abnormality including acute hepatitis and acute cholangitis. Acute hepatitis was diagnosed on noncontrast MRI on the basis of periportal edema and increased signal on T2-weighted imaging in the liver parenchyma, and gallbladder wall thickening as may be seen on multiple sequences, and heterogeneous arterial phase enhancement or delayed periportal enhancement of the liver may have contributed to diagnosis when viewing post-contrast images [22, 23] . Acute cholangitis was determined present with periportal increased signal on T2-weighted imaging and biliary ductal dilatation with bile duct wall thickening on pre-contrast sequences; the addition of wall enhancement may have served as a confirmatory characteristic on post-contrast images [24] .
Readers submitted confidence scores for assessment of the biliary tree on a 5-point scale: 1 = very low degree of confidence (<25%), 2 = low degree of confidence (25-49%), 3 = moderate (50-75% confident), 4 = high (75-95%), 5 = highest (>95% certainty). Quality scores for 3D-MRCP were submitted on a 5-point scale: 1 = non-diagnostic, 2 = minimal information provided (e.g., common bile duct dilated vs. non-dilated and otherwise no information), 3 = evaluation of some of the biliary tree, 4 = good visualization of entire biliary tree, and 5 = excellent visualization of entire biliary tree (Figs. 1, 2). Readers also indicated whether or not contrast-enhanced imaging would have been needed to aid the evaluation of a cause of acute cholestasis on abbreviated imaging sets, exclusive of cases where acute pancreatitis was the only finding needing contrast-enhanced evaluation as the diagnosis is most often clinically suspected and would result in contrast-enhanced MRI regardless of the possibility of choledocholithiasis or cholecystitis. Separately, incidental findings the readers perceived as requiring contrast-enhanced evaluation for further characterization were also noted during use of the abbreviated image set to examine the potential consequence of additional imaging tests.
Data analysis
Inter-reader agreement was assessed using simple kappa coefficients, and in terms of the percentage of times the readers provided concordant opinions for choledocholithiasis and for alternative diagnoses when evaluating the non-contrast imaging sets for the same case. Kappa (K) was interpreted as an indication of poor agreement when less than zero, as slight agreement when 0 £ K £ 0.2, as fair agreement when 0.2 < K £ 0.4, as moderate agreement when 0.4 < K £ 0.6, and as substantial agreement when K > 0.6. For each reader and diagnosis, the abbreviated and contrast-enhanced datasets were compared in terms of sensitivity, specificity, and overall diagnostic accuracy using McNemar tests. Since patients identified as test positive or negative for a given condition were not identical for the two image sets, logistic regression for correlated data was used in place of the McNemar test to compare the image sets in terms of positive and negative predictive values. Specifically, generalized estimating equations (GEE) based on binary logistic regression was used to model the indicator of a correct diagnosis relative to the reference standard as a function of image set (abbreviated vs. contrast-enhanced).
Image quality of 3D-MRCP and reader confidence were recorded using 5-point Likert scales; the MannWhitney test was used in both cases to compare the mean quality and confidence scores in cases in which the reader incorrectly and correctly diagnosed choledocholithiasis. including MRCP PACE (C), with a quality score of 5, indicating excellent visualization of entire biliary tree including choledocholithiasis in this case (arrow). The diagnosis was correctly made by both readers using abbreviated as well as the full image set. Fig. 2 . A 72-year-old man with severe right upper quadrant pain for one day and abnormal liver function tests. Axial HASTE (A, arrow) and axial T2-fat saturated (B, arrow) sequences show a gallstone in the distal common bile duct with dilatation of the bile duct, as correctly interpreted by both readers using the abbreviated image set. Both readers assigned the MRCP, including MRCP PACE (C), with a low quality score of 2, indicating minimal information provided as the images depicted a dilated common bile duct but otherwise poor visualization of the biliary tree secondary to breathing motion.
Clinical predictors of patient age and fever were assessed for their association with perceived need for contrast-enhanced imaging of the biliary tree when readers were limited to the non-contrast study. For fever, Fisher's exact test was used to compare patients with and without each finding in terms of the percentage needing contrast for assessment of the biliary tree, while for age the Mann-Whitney test was used to compare cases the reader felt did and did not need contrast. All statistical tests were conducted at the two-sided 5% significance level using SAS 9.3 software (SAS Institute, Cary, NC).
Results
Summary of cohort and test performance
123 MRI scans for 123 patients with thin-section MRCP were included in retrospective analysis, including 65 women and 58 men, with mean age 56.4 ± 21.7 years (range 18-96 years). There were 98 cases of diagnosed acute hepatobiliary pathology among the 123 patients, including 27 confirmed instances of choledocholithiasis, 31 clinically confirmed cases of acute hepatitis, 37 cases of acute cholecystitis at surgical pathology, and 3 clinically diagnosed cases of acute cholangitis. Nearly all (119/123) patients had a preceding ultrasound of the abdomen recorded in PACS, while the remainder had an abdominal CT or no prior imaging in PACS.
There was no difference between the performance of the abbreviated and full contrast-enhanced MRCP image sets for detection of choledocholithiasis, acute hepatitis, or acute cholecystitis (presented in Table 2 ). The accuracy of the abbreviated set for choledocholithiasis was 91.1-94.3%, while the full study yielded an accuracy of 91.9-92.7% (p = 0.80-1.00). Sensitivity for choledocholithiasis was 70.0-85.2% for the abbreviated image set vs. 70.4-81.5% for the full study (p = 1.0), with specificity of 96.9-97.9% for the abbreviated set vs. 95.8-97.9% for the full study (p = 1.0). For determination of alternative acute hepatobiliary diagnoses, performance was also similarly accurate (82.8-82.9% and 78.0-83.6% for abbreviated and full image sets, respectively; p = 0.42-1.00). There was no difference in test performance for detection of acute hepatitis (Fig. 3) , with sensitivity of 16.1-19.4% and specificity of 95.7-100% for both image sets; acute cholecystitis was detected with overall accuracy of 83.5-85.3% for both image sets. Acute cholangitis was also detected with similar accuracy (96.7-98.4%) across both image sets, although the total number of cases was small.
For both tasks of evaluating for choledocholithiasis and presence of alternative diagnoses on both imaging sets of abbreviated MRI and full MRI/MRCP protocols, the kappa values indicated substantial agreement. For choledocholithiasis, kappa values were 0.84 and 0.87 for the non-contrast abbreviated and full contrast-enhanced imaging sets, respectively. For the presence of an alternative biliary diagnosis, kappa values were 0.76 and 0.67 for the non-contrast abbreviated and full contrast-enhanced imaging sets, respectively.
Need for contrast-enhanced Images
For assessment of the biliary tree for a cause of acute biliary obstruction, the readers varied in reported need for contrast-enhanced imaging from 4.9% to 21.1%, with agreement for 3 cases in which thickening of the common bile duct wall was suspected but equivocal, a common bile duct with abrupt cutoff at the pancreatic head with questioned mass, and 2 cases with indeterminate liver lesions possibly representing metastases or abscesses. Findings for which one reader perceived need for contrast included necrotic periportal lymph nodes vs. peripancreatic collection, 3 additional cases of questioned common bile duct thickening, questioned mass-like thickening of a gallbladder, and 5 cases of acute vs. chronic cholecystitis. Patient age and fever were tested for association with perceived need for contrast when evaluating the biliary tree and liver; when either reader indicated need for contrast-enhanced images, there was no association with presence of fever (p = 0.41, 0. 
Association of reader confidence and 3D-MRCP quality with diagnostic accuracy for choledocholithiasis
The confidence scores differed for 1 of 2 readers, where the mean confidence score for evaluation of the biliary tree and liver was higher with inclusion of contrast-enhanced and 3D-MRCP images (4.03 vs. 4.48, p < 0.001), while the other reader showed no difference (4.17 vs. 4.20, p = 0.31). However, no difference was seen in confidence scores between correctly vs. incorrectly diagnosed instances of choledocholithiasis for either reader, in either imaging set (p = 0.09, 0.91). There was also no difference in the MRCP quality scores between correctly and incorrectly diagnosed choledocholithiasis for either reader (shown in Table 3 , p > 0.1).
Discussion
For patients in the hospital setting, an abbreviated noncontrast MRI with HASTE has the potential to provide more rapid evaluation with similar performance to a full contrast-enhanced MRI with 3D-MRCP in detection of choledocholithiasis, with our results suggesting no compromise in diagnostic test performance. Diagnosis of acute hepatitis, acute cholecystitis, and cholangitis also did not improve with contrast, as sensitivity and specificity did not differ from that of the simulated abbreviated protocol. We note a low sensitivity overall for detecting acute hepatitis compared with clinical criteria. Importantly, our analysis excluded evaluation of pancreatitis, as contrast-enhanced imaging remains indicated for evaluation of the pancreas in clinically diagnosed acute pancreatitis or for complications of gallstone pancreatitis.
Breathing motion may impact the quality of thinsection MRCP in the acutely ill patient population. However, MRCP quality scores showed no association with diagnostic performance. Furthermore, the overall sensitivity and specificity of MRI/MRCP for choledocholithiasis in our study was comparable to previous reports of performance at similar rates of disease prevalence [18, 25] . Despite the thicker sections used in HASTE imaging than in thin-section MRCP, we found no difference in detection of choledocholithiasis. HASTE remains a routinely acquired sequence in abdominal MRI, and provides rapid and clear imaging of the biliary tree and gallbladder, as well as other abdominal organs, with minimal susceptibility to patient motion [26, 27] . Readers may therefore rely upon HASTE and other precontrast T1-and T2-weighted sequences to assess for choledocholithiasis without negative impact on diagnostic performance for this particular task and assessment of other common causes of acute cholestasis, and the value of acquiring 3D-MRCP is questioned in acutely ill patients who are less likely to be able to cooperate with breathing instructions. These findings are most relevant to inpatient and emergency department patients, in whom answering the most urgent and clinically relevant questions may be favorable over a comprehensive examination.
We also analyzed incidental findings to assess the potential impact of a non-contrast study on recommendations for additional imaging. More than 50% of these lesions perceived as needing contrast-enhanced imaging were pancreatic cystic lesions and small renal cystic lesions with some degree of complexity. Such findings may Fig. 3 . A 25-year-old woman with severe right upper quadrant pain, gallstones, and elevated bilirubin. Coronal HASTE image shows marked gallbladder edema (arrow) and periportal edema (arrowhead) (A), with mildly elevated T2 signal intensity of the liver parenchyma (B) leading to the diagnosis of acute hepatitis on non-contrast MRI by both readers using the abbreviated image set, also confirmed clinically. There was also heterogeneous arterial phase enhancement on axial fat-suppressed 3D GRE T1-weighted image after injection of gadopentetate dimeglumine (C, arrow). [28] . It remains debatable whether this rate is acceptable in the context of imaging performed for acute illness, and the tradeoff of rapid imaging for a chance of incompletely characterized incidental findings. The benefits/harms scenario may be comparable to recommendations for additional imaging of incidental findings on emergency room abdominal CT scans that most commonly have a single contrast-enhanced phase. Our study limitations include retrospective design rather than a prospective comparison study of diagnostic test accuracy, and relatively small size. The findings apply to the inpatient and emergency department patient population, and may not be generalizable to patients capable of cooperating with breathing instructions and a full exam. We also evaluated a set of patients meeting criteria for signs of acute biliary obstruction, and results do not extend to patients with uncertainty regarding longer term obstructive symptoms with a potential malignancy, or the subset of patients with a high degree of suspicion for an abscess or infection acting as the primary cause of symptoms; contrast administration is indicated when these diagnoses are considered more likely than choledocholithiasis. Although we found no association of the MRCP image quality with the diagnostic performance, it is possible that the overall quality of outpatient scans may differ enough to provide an advantage in detection of choledocholithiasis. The small number of cases of acute cholangitis precluded a subanalysis of MRI performance in diagnosis of this secondary process, and referrer-directed use of contrastenhanced studies is warranted when imaging findings would help establish a clinically equivocal case of cholangitis. We also did not analyze whether small gallstones specifically may be less well detected with an abbreviated image set using HASTE. Our protocol also included both axial and coronal HASTE imaging but protocols may vary by institution, and we did not assess the contribution of each imaging plane or compare their diagnostic accuracy.
In conclusion, patients in the hospital setting may be evaluated with similar performance using non-contrastenhanced MRI with axial and coronal HASTE instead of a full, contrast-enhanced technique with 3D-MRCP for suspected choledocholithiasis or other common causes of acute cholestasis. No difference in accuracy is seen in terms of choledocholithiasis or acute cholecystitis, or the alternative diagnosis of acute hepatitis. With exception of MRI indications to evaluate for complications of acute gallstone pancreatitis or elevated pretest probability of other infectious or neoplastic etiologies of cholestasis, acutely ill patients with suspicion for symptomatic gallstone disease may benefit from shortened, non-contrast examinations without compromise in diagnostic accuracy.
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